Urban expansion in rural areas may impact agricultural revenues and the burden of service provision on local governments. Spatially explicit urban growth models shed light on the consequences of such land use decisions. The San Joaquin Valley, an important agricultural region of California, will double in population by 2050. Using this region as an example, we modeled the spatial patterns of urban growth under seven policy scenarios and calculated potential loss of annual agricultural revenue from each. We also measured the distance from existing urban areas to new development in order to develop scenario-specific indicators of the cost to local governments for providing urban services such as sewer, water, roads, police and fire protection.
Introduction

Study Location: San Joaquin Valley
Many of the world's cities were established near trade routes and fertile agricultural lands. As these cities continue to expand today, they almost always do so at the expense of fertile and productive agricultural land. With an additional 1.75 billion people projected to share the Earth by 2030 (McDonald, 2008) , urban growth and the conversion of agricultural land to other uses are on going concerns to global food supply. Approaches to address these phenomena vary by region (Alterman, 1997; Fazal, 2001; Heimlich & Anderson, 2001) . In many cases the new urban growth occupies space that was previously natural, agricultural, or grazing lands (Ackerman, 1999; Bengston, Fletcher & Nelson et al., 2004; Bengston & Youn, 2006; Brabec & Smith, 2002) . This is especially true of the principal cities of one of the major agricultural centers in the U.S., the San Joaquin Valley, California. The expanding urban footprint of these cities damages their agricultural foundation and raises the question of the role that urban space plays in the agricultural economy.
In the United States, despite recent interest in compact growth, much new housing construction still occurs on large lots, with new residents relying on the expansion of transportation and utilities infrastructure to support increasingly dispersed lifestyles (Davis, Nelson & Dueker, 1994; Ewing 1997) . While average lot sizes decreased nationally over the past few decades (Sarkar, 2011, p. 2) , the population density of new growth is not trending upwards (U.S. Census Bureau, 2000a Bureau, , 2000b Bureau, , 2010 ; U.S. Department of Agriculture, 2009a, p. 31) .
Historically, urban growth often has occurred at the direct expense of agricultural land, removing it from active production. This loss of agricultural productivity can deprive the local region of significant sources of base income and employment (Bradshaw & Muller, 1998) . The United States, Western Europe, and China have implemented policies at various levels to counteract urban sprawl, with varying levels of success (Bengston et al., 2004; Lin & Ho, 2005; Richardson & Bae, 2004, p.6; Tan, Beckmann, van den Berg, & Qu, 2009) .
In areas such as the San Joaquin Valley, lowdensity "rural" residential growth (lots greater than 1 acre, or .4047 hectare, per dwelling) adjacent to cities can impact agricultural regions (American Farmland Trust, 2007) . Rural residences deplete agricultural production potential at a greater rate per capita than city growth, while frequently requiring many urban services such as electricity, water, civil services (police, fire, garbage), and transportation infrastructure (Carruthers & Ulfarsson, 2003) . These sprawling development patterns are difficult to define formally and cannot easily be identified by a single criterion. Several studies have attempted to classify sprawl based on a suite of criteria including density, pattern, and rate of growth (Brueckner, 2000; Burchell, 2002; Ewing, Pendall, & Chen, 2003; Davis & Schaub, 2005) . Here we define sprawl as a pattern of lowdensity fewer than 4 dwelling units (du) per acre, or 12.3 du per hectare) residential development. Regardless of the exact definition of sprawl applied, the consumption of large amounts of land to provide developed space for a growing population is a hallmark of much recent American suburban and exurban growth.
Urban expansion onto agricultural land has two potential impacts examined in this paper: a loss of crop revenue due to residential development (Bradshaw & Muller, 1998; Carruthers & Ulfarsson, 2003) and an increase in the cost of providing urban services per housing unit if units are set far apart (Carruthers & Ulfarsson, 2003) .
Accurate regional assessment of these costs is challenging. However, outputs from spatial modeling of urban growth can help identify impacted areas, permitting analysis of the associated costs for servicing urban growth (Burchell, 2002) and of associated agricultural revenue losses (Thomas & Howell, 2003) . Spatial modeling of projected urban growth can also provide a framework for comparing how impacts and costs may vary between different growth policy scenarios. Impacts that can be estimated include area of land consumed, growth of water and sewer infrastructure, local road infrastructure, public service costs, and land development costs (Burchell, 2002) . Beyond these direct urban effects are the many potential effects generated by land conversion, including those to the environmental integrity of the region (Johnson, 2001 ) and the potential costs of displacement of productive land uses (e.g., agriculture). Additionally, the opportunity cost of future planning options in a landscape that has been subdivided among multiple owners may be substantial. There may be benefits to society from an urban sprawl development pattern, such as lower housing costs at larger distances from urban centers, but there is no clear evidence that the benefits are real, significant, and cannot be achieved in other ways (Burchell, 2002) .
Many authors have studied the impacts of urban development on agricultural lands. Nelson (1992) found that urban growth boundaries decreased agricultural land values under Oregon's urban growth laws by forestalling urban conversion. In other words, an urban growth boundary reduced the speculative value of land for development outside the growth boundary. Nelson also found that the likelihood that the land will be converted to urban use heavily influences the choice of crop type planted near urban areas. Although "right to farm" laws may protect his or her legal rights to farm, a farmer may choose not to plant an orchard if he or she expects that the land will be developed in the near future because of the perceived risk of harassment and lawsuits over noisy, odorous, or chemical farming practices and the substantial length of time needed to recoup the investment. California has a "no overspray" law that enables rural residents to challenge aerial spraying practices in court (State of California, 2008a) . This means residential units in rural areas impact not just the land they are built on, but also nearby land uses. Brueckner (2000) discussed the economic process that results in the conversion of agricultural land to urban. If all externalities are considered, conventional economic models suggest that the highest and best land use should take precedence. Unfortunately, as Brueckner notes, this incorrectly assumes that all of the benefits of the agricultural land are being fully considered. Bradshaw and Muller (1998) identify how development patterns can impact areas of potentially highvalue agricultural soils based on the California Urban Futures Model (Landis, 1994) , but do not attempt to forecast effects on either specific crops or revenue. In the San Joaquin Valley, market values of croplands can be estimated from published county agricultural commissioners' reports, which provide the total revenue and number of acres per crop type by county.
This study used outputs from spatially explicit urban growth models to rank potential urban service costs and quantify a snapshot of agricultural production loss under seven urban growth policy scenarios for the San Joaquin Valley (SJV). The SJV is home to eight counties covering 16,600 square miles (43,000 square km). The region is integrally tied to three major California metropolitan areas: Sacramento to the north, the San Francisco Bay area to the west, and the Los Angeles region to the south. The SJV is undergoing urbanization and rural sprawl, and, as one of the United States' most agriculturally productive regions and a major source of numerous specialty crops, the growth has significant implications for its local agricultural economy and larger-scale U.S. food markets. In particular, specialty crops such as fruits and nuts provide more than 10 percent of the jobs in the SJV, more than 5 percent of the total income in multiple counties within it (Hamilton, nationally by value of crops (U.S. Department of Agriculture, 2009b) .
Several previous efforts to model urban growth have covered the San Joaquin Valley. Theobald (2001) covered the region as part of a national effort, Landis (1994) as part of a series of statewide efforts, and Dietzel, Herold, Hemphill, and Clarke (2005) as a regional effort. Bradshaw and Muller (1998) built on Landis's modeling to consider the possible loss of agricultural acreages under two different growth scenarios (low-density sprawl and compact high-density development) under sponsorship of the American Farmland Trust, but did not publish the likely impacts to agricultural revenue. However, the American Farmland Trust released a report that extended the analysis of the land use modeling through an economic analysis to include farmgate revenue, multiplier effects, and public service costs, finding that low-density growth had a greater effect on farm revenue and public service costs than high-density development (American Farmland Trust, 1995) .
In 2005, California Governor Schwarzenegger established the Governor's Partnership for the San Joaquin Valley to assess expected impacts from population growth and to propose solutions to mitigate its negative effects (Schwarzenegger, 2005) . Official forecasts predict that the population in the SJV will increase from 3.5 to 8 million by 2050 (California Department of Finance, 2004) . Many county and regional planning processes are required by law to address these forecasts, so the models described here adopt the Department of Finance figures. The Governor's Partnership established the Land Use, Housing and Agriculture (LUHA) working group to assess the state of the SJV's land use and suggest future growth policies. The LUHA consists of public and private planners, real estate developers, state and federal land and resource managers, state and federal environmental regulators, environmental nongovernmental organization (NGO) officers, business advocates, and members of the region's farming industry. At LUHA's request, we modeled selected urban growth scenarios defined by the working group to provide a multicounty visualization of the spatial urban footprints resulting from seven broad land use policies. We used UPlan (Johnston, Shabazian, & Gao, 2003) , a rule-based, spatially explicit urban growth model, to develop the urban growth projections, then assessed the outputs in terms of their relative costs for service provision and impacts on agricultural production.
Spatial Modeling of Growth Footprints
Urban Growth Models (UGMs) have the capacity to project spatial simulations of future urban growth. Varying GIS-based approaches have been used to project future land use, including expert panels, statistical projections, rule-based models, and economically driven models (Johnston et al., 2003) . Expert panel modeling relies on experts' experience and assumes that the panel is able to accurately predict growth patterns. Statistical projections forecast growth based on trends, often estimated by regression, from past growth patterns, and can include cellular automata or resource and accessibility based decision models (Clarke & Gaydos, 1998; Landis, 1994) . Rule-based models forecast growth based on a series of rules defining what attracts growth to a location (Johnston et al., 2003) . Economic models represent production and consumption of all goods and services, including travel and floor space, as well as all trade (Abraham & Hunt, 2003) , and predict growth where future demand for expanded facilities and services will be highest. Each model type has advantages and disadvantages. Economic models have the potential to be the most accurate and predict detailed income and employment outcomes that are important to planners, but they require extensive data assembly and a very large investment in calibration. Regression and choice models are less data-intensive but also require calibration based on past land use data. Rule-based models can be less data-intensive than regression or economic forecast models, but calibration is either not possible or requires the creation of many small area corrections with questionable applicability to future predictions (Gao & Walker, 2005) .
This study used UPlan to represent growth patterns under various scenarios. We used it partially because it is already in use in the SJV, and is familiar to regional policy-makers. UPlan is suitable for rapid scenario-based modeling because of the ease with which the data sets can be configured, low computational demands, and the transparency of its assumptions and algorithms to planners and policy-makers. UPlan has been used to evaluate the wildfire risks to future urban growth (Byrd et al.,Rissman, & Merenlender, 2009 ), assess the impacts of different growth policies on natural resources (Beardsley, Thorne, Roth, Gao, & McCoy, 2009) , effects on conservation connectivity (Huber, Thorne, Roth, & McCoy, 2011) , has been adapted to calculate greenhouse gas contributions from new urban growth (Johnston Roth, & Bjorkman, 2009) , and to evaluate the effectiveness of land use scenarios in reducing vehicle miles travelled (Niemeier, Bai, & Handy, 2011) . UPlan was calibrated for the Philadelphia area (Walker , Gao, & Johnston, 2007) and is widely used in California by county governments (by at least 24 counties) as planning support for zoning decisions (Johnston , McCoy, Kirn, & Fell, 2004) .
In this study we relied on baseline urban growth trends (population growth rate, household size, workers per household, proportions of urban growth by land use type, land consumption per household, and floor space per worker) to create a conceptual Status Quo growth scenario that corresponds to the "no change" scenarios in standard environmental impact reporting and from which relative differences between other policy scenarios can be measured by modifying the baseline trends in a controlled manner. We used UPlan's spatial outputs to compare relative urban service costs and estimate short-term agricultural production losses under seven urban growth scenarios for the SJV.
Methods
UPlan uses projected population growth and existing infrastructure to assign new urban growth to seven land use categories: three employment categories (industrial, commercial high-density, and commercial low-density) and four residential density classes (residential high-density, residential medium, residential low, and residential very-low). All growth allocation was based on four factors. First, the demand for space in each land use type was calculated based on how much space is assumed to be needed per employee or household in each land use class. We used the following space requirement rules for employment: industrial, 500 feet 2 (46.5 m 2 ) per employee, and a floor area ratio of 0.23; commercial high, 200 feet 2 (18.6 m 2 ) per employee and a floor area ratio of 0.35; commercial low, 300 feet 2 (27.9 m 2 ) per employee and a floor area ratio of 0.15. The residential densities (inclusive of local streets) used were: residential high 2,150 feet 2 or 0.05 acre (200 m 2 ); residential medium 0.2 acre (800 m 2 ); residential low 5 acres (20,200 m 2 ); and residential very low 20 acres (80,900 m 2 ). These density figures were determined through a review of common residential and employment densities used in area general plans and were reviewed by the project steering committee.
Second, each of the eight counties' land use plans was used to identify where each land use type is permitted to develop. We used the eight counties' General Plans (Gao & Johnston, 2004; State of California, 2008b) Finally, a set of factors representing features that attract or discourage urban growth was identified. These factors are used by UPlan to prioritize the sequential consumption of land with the highest net attraction values. Attractions and discouragements can take many forms. Accessibility is commonly considered to be growth-attracting (Iacono, Levinson, & El-Geneidy, 2008) and is represented by ranking road networks according to the degree of access they provide. We used six attractors: census blocks with growth between 1990 and 2000 (GeoLytics 2001 (GeoLytics , 2006 , freeway interchanges, other highways, major arterial roads, minor arterial roads, and city Spheres of Influence (representing areas with likely future water, sewer, roads, fire, police, and ambulance services). Similarly we used four discouragement factors: 100 year floodplains (Federal Emergency Management Agency, 1996) , vernal pools (Holland, 1998), state records for threatened or endangered species (California Department of Fish and Game, 2006) , and conservation priority areas (The Nature Conservancy, 2001), which reduced the suitability of these features for development. Each of these discouragements is representative of features that would add significant economic or legal costs to new development in these areas.
Each of the seven policy scenarios defined by the LUHA group was modeled using this method for a projected 2050 population of eight million people in eight counties and 62 cities (California Department of Finance, 2004) . We evaluated two measures of interest to elected officials in this region: (1) loss of existing agricultural revenues based on current crop values; and (2) distance of new employment and residential locations from existing urban services as calculated by computing the number of residential and employment locations in each cell and computing a distribution of the number of units by distance from existing urban development.
Scenario Definitions
The seven scenarios defined and provided by the working group represent broad land use policy goals for the purpose of a first-stage regional alternatives assessment. These scenarios are representations of how the general plans of the eight counties and 62 cities might be amended to regionally reflect alternative urban growth policies. This type of scenario planning has worked successfully in the Sacramento region, just north of the SJV (Sacramento Area Council of Governments, 2007) and has been used in many other regions (Bartholomew, 2007) . Scenario definitions are as follows:
Scenario 1 (S1). The Status Quo scenario is intended to represent current regional development trends. Its primary goals were to simulate what an extension of current patterns into the future might look like if we assume no major infrastructure investments or policy shifts. Largely unrestricted growth was permitted adjacent to existing developed areas and along transportation routes with relatively low residential densities, which emulates the region's recent past, determined by census block population data for 1990 and 2000. Scenario 2 (S2). The East-West Infrastructure Improvement scenario modeled potential investment to enhance transportation capacity along major east-west roads to resolve a common complaint about the roadway network in the SJV. This scenario permits expanded residential and commercial construction along these east-west highways, but assumes no other substantive changes from the Status Quo scenario.
Scenario 3 (S3). In the Compact Growth scenario, growth was restricted to the existing Spheres of Influence for each city, areas into which cities commit to providing services in 10-15 years (State of California, 2008a) . This scenario reflects a class of controlled-growth policies where an urban growth boundary is set and new residential and employment space is restricted to within the boundaries. The lowest two of the four urban density classes in UPlan were collapsed into the more dense classes. If this change did not accommodate all of the residential demand within the Spheres of Influence, then density of the Residential Medium Class was increased. This is the only scenario that fully suppresses the lower two residential density categories. The assumed square footage of in-building employment space remained constant with the other scenarios. The floor area ratio was adjusted for the low-density commercial category to increase the efficiency of space use, thereby increasing employment density.
Scenario 4 (S4). This was originally called the Farmland Protection scenario by the LUHA Committee, but to be more descriptive it will be called the High-Value Soils Protection Scenario. It simulates protection of the most valuable agricultural lands through protection of the prime soils and farmlands classified as of statewide importance (Division of Land Resource Protection 2004a . In this scenario no new development was permitted on these lands.
Scenario 5 (S5), the Exclusion Zone scenario, tries to protect agricultural lands between Interstateare simplified representations of growth patterns advocated by some farm groups.
Scenario 6 (S6). The New Cities scenario removes the residential very-low density class and adopts a 15 percent density increase for all the remaining housing density classes. This reflects a vision of four new, large, self-sufficient cities at locations that serve to minimize the impact on important agricultural lands and habitats. These cities were sized to accommodate approximately 250,000 people each, which would be enough to provide a fully self-sustaining city with entertainment and commercial opportunities for the residents. This scenario emulates policies in which moderate housing density increases are combined with relocating growth to areas with reduced agricultural and species impacts, and which could be used by long-distance commuters from the Bay Area and Los Angeles.
Scenario 7 (S7). The Great Cities scenario concentrates growth into existing major urban areas and aggregates them into cluster sizes of greater than one million inhabitants. This scenario also eliminates the residential very-low density category and includes a 15 percent density increase across the remaining residential categories. The assumed benefits of this policy are that total impacts to agricultural land can be reduced through reduction of farmland fragmentation, that transit use can be increased through the creation of metropolitan areas suitable for extensive mass transit, and that the resulting cities would be large enough and support enough urban amenities to attract additional high-value business activity and employment.
Agricultural Revenue Loss Calculations
Our assessment of urban growth impacts on crop production is meant to be a snapshot of short-term losses due to projected urban patterns. We overlaid UPlan model outputs on crop-specific maps of the region and determined the acreage of each crop type lost to urbanization. The California Department of Water Resources (DWR) Land Cover map (California Department of Water Resources, 2006), which identifies crop type (Figure 1) (Davis, 2006; Gudgel, 2006; Hudson, 2006; Kunkel, 2006; Niswander, 2006; Prieto, 2006; Robinson, 2006; Rolan, 2006) . Each crop that was clearly identifiable in both the DWR data and the commissioner's reports was recorded for each county in a database table with its calculated value per acre. We only analyzed crops that were clearly identifiable and for which a value could be referenced, including 41 crops with revenue for at least one county and five with revenue in all counties (table 1).
We intersected county-level UPlan growth projections for each scenario with the DWR data and summarized the acres of each existing crop lost. The crop value lost in each county was calculated by multiplying the acres of each crop by the value per acre and aggregating to the regional level. This provides cross-comparable annual agricultural revenue lost per scenario. This calculation gives only the initial loss of revenues before the agricultural market re-equilibrates. A proper mediumterm evaluation would be difficult to perform, as almost all crops and even some grazing rely on irrigation, and water rights are very complex and uneven in the SJV. Also, many crops are expensive to relocate (orchards, vineyards). Our projections could be viewed as upper bounds, as some of these revenue losses would be compensated for with intensified cultivation on other lands or the substitution of previously unfarmed land. On the other hand, nearly all high-value arable lands in the region are under cultivation and all irrigation water is claimed, so there is not likely to be much new irrigated land put into production. Furthermore, large parts of the SJV are shifting to higher-value crops as global markets make commodities grown on high-value land with expensive water less competitive, so it is plausible that the long-term cost of lost productivity in high-sprawl scenarios could be even higher than calculated here. The substitution of alternative crops is, therefore, probably the greater concern, though many of the SJV's crops are already fairly high value crops including fruits, nuts, grapes and other specialty crops. This analysis is therefore broadly useful for ranking agricultural revenue loss but should not be taken as the best dollar estimate of future losses in any given scenario.
Relative Service Cost Calculations
Computation of costs for urban services and transportation required the development of a crosscomparable, nonmonetary metric as we could not find regionally suitable data on actual service provision costs by distance from existing services or by housing density. Several articles and a ULI report in the mid-late 1980s (Frank, 1988 (Frank, , 1989 Frank, Downing, & Lines, 1985; Frank & Falconer, 1990) have been used to identify costs for providing services by distance from urban areas. However, we did not find any evidence of these methods' recent use. We quantified bulk mass distance, the number of new dwelling units, and employee com locations within a set of distance bands from existing urban services as a useful representation of expected relative costs for new urban service provision. We present this as a histogram, with the notable features being the number of new units in each distance class. We assume this measure will correlate with service costs (i.e., operation and maintenance costs should scale approximately to the distances covered). This method is therefore suitable for ranking the broad policy scenarios for Journal of Agriculture, Food Systems, and Community Development ISSN: 2152-0801 online www.AgDevJournal.com the SJV and is appropriate because it will scale with inflation or other factors that may cause the costs to vary over time.
Results
Agricultural Annual Revenue Loss Calculations
The area of crops lost and total annual value of crops lost varied dramatically between scenarios (table 2). The Status Quo (S1), East West Infrastructure (S2), and Exclusion Zone (S5) scenarios had the highest costs at over USD1.7 billion in crop value lost. The New Cities (S6) and Great Cities (S7) scenarios formed a second cost class at approximately USD1.2 billion. The High-Value Soils Protection (S4) scenario produced costs of approximately USD600 million and, finally, the Compact Growth (S3) scenario created a cost of approximately USD250 million. The footprint of each scenario (figure 2) impacted specific crops in different ways (see table 1 again). The Exclusion Zone scenario (S5) forced growth into the foothills around the valley, which increased the revenue lost for the peach, orange, pistachio, and plum crops, while scenarios S1, S2, and S7 had a distinct impact on many of the highvalue, high-employment crops (e.g., vine and tree crops) grown immediately adjacent to existing cities on prime agricultural lands.
The Status Quo (S1), East-West Infrastructure Improvements (S2), and Exclusion Zone (S5) scenarios all had relatively similar impacts on loss of agricultural production. The spatial congruence of the Exclusion Zone scenario (S5), however, differed greatly from the other two. It had a similar agricultural cost (USD1.7 billion), but the crops impacted were different. S1 and S2 impact more field crop and vegetable types (corn, cotton, grains, and tomatoes), while S5 heavily impacts fruits in the lower foothills (olives, pistachios, citrus, stone fruits, and, to a smaller extent, vineyards) (table 1). We also found that the High-Value Soils Protection (S4) scenario, which prohibited new growth on soils classified as Prime or of Statewide Importance for agriculture, had less value lost (USD620 million) than S1, S2, or S5, and achieved significant savings across almost all crop types. But, because of its focus on preserving particular soil classes and its lower density of development, the High-Value Soils Protection scenario was not as effective in protecting the agricultural economy as the Compact Growth (S3) scenario.
The crop value losses for the New Cities (S6) and Great Cities (S7) scenarios converged at approximately two thirds (approximately USD1.2 billion) of the cost of the Status Quo (S1) scenario.
Again, they reached similar values but impacted crops differently. S6 reduced impacts to almond and vineyard production compared with S7, but increased losses in the orange and tomato crops. The sizeable shift in costs to orange production is largely the result of the encouragement of concentrated growth around urban centers in S7 that does not exist as strongly in S6. That same attraction around existing urban areas is responsible in S7 for the larger losses to vineyard and almond production. It is Journal of Agriculture, Food Systems, and Community Development ISSN: 2152-0801 online www.AgDevJournal.com important to note that neither S6 nor S7 had the same density advantage given to Compact Growth (S3), and that, as a result, a direct comparison of the differences between the scenarios is difficult. The S3 scenario had by far the smallest consumption of land and consequently the smallest impact on current agricultural production. The net loss to agriculture in S3 (USD258 million) is under one sixth of that under current policy (S1). Every crop was significantly less impacted under S3 than S1, and only the S4 scenario showed any crops retaining more revenue than in S3.
Relative Urban Service Cost Calculations
The level of urban development at varying distances from existing urban areas differed considerably (figure 2). The more dispersed development patterns of New Cities (S6) and High-Value Soils Protection (S4) result in new development at noticeably longer distances from exiting urban spaces (figure 3) and with a lower percentage of their development in the first few distance bands, implying that these scenarios would be the most costly in terms of government and private services required. Status Quo (S1), East-West Highway Infrastructure Improvement (S2), Exclusion Zone (S5), and New Cities (S7) scenarios all had similar spatial patterns as well as similar development profiles by distance from existing urban areas (bulk mass distance). The Compact Growth (S3) scenario had the shortest new development distant from urban services. The maximum residential density of just over eight dwelling units per acre used to achieve Journal of Agriculture, Food Systems, and Community Development ISSN: 2152-0801 online www.AgDevJournal.com the build-out in this scenario is not any higher than is found in many coastal California cities. The S3 bulk mass distance was much smaller than Status Quo's (S1) because the population growth was concentrated closely around existing urban areas, requiring an expansion of services into a comparatively small area.
The New Cities (S6) scenario increased bulk mass distance over Status Quo (S1) (figure 3). The maximum distance of growth away from existing urban areas remained similar to S1, but the number of housing units and employment locations immediately adjacent to existing urban areas decreased. The creation of an entirely new city in a location with limited existing services will require the development of new infrastructure. The mass of new residences in a location remote from existing urban development is identifiable in the bulk mass distance measure of S6.
The Status Quo (S1), East-West Infrastructure Improvement (S2), and Great Cities (S7) scenarios, had very similar impacts on the bulk mass distance for urban services. The Exclusion Zone (S5) scenario produced larger bulk mass distances than S1 and resulted in new development beyond our cut-off distance of 7.8 miles (12.5 km) from existing urban areas (figure 3). However, High-Value Soils Protection (S4) produced by far the most expansive and widely dispersed urban growth pattern. The High-Value Soils Protection scenario, with protected farmland defined only by the narrow metric of soil class, would require extensive investment in providing urban services to a very dispersed set of small population centers.
Discussion
The identification of different urban growth and transportation policies by the SJV regional planning consortium provided the basis for exploring the possible consequences of those policies on urban service provision and agricultural revenue. Each scenario had distinct policy criteria reflecting the preferences of particular interest groups and produced a unique urban footprint. UPlan proved useful as a GIS-based modeling tool to visualize and quantify the impacts.
The Compact Growth scenario had the lowest cost in terms of both agricultural production losses and urban services provision. The more compact growth pattern also reduces the need to travel long distances and would increase the utility of public transit (Ewing & Cervero, 2001) . It is also worth noting that a compact growth pattern reduced the length of the border between developed and agricultural lands. The reduction in the agricultureurban interface creates a smaller potential zone of conflict over land uses and limits the negative effects of the urban area on agricultural productivity (Sokolow, Hammond, Norton, & Schmidt, 2010) . Additionally, the more dispersed patterns visible in S1, S2, S4, and S5 are likely to place more traffic onto rural roads, increasing the potential conflict between agricultural and other vehicle traffic.
Both the High-Value Soils Protection and Exclusion Zone scenarios are attempts to protect farmland from development through blanket prohibitions. These policies produced very dispersed urban growth patterns that would require relatively high expenditures for services. These effects are the products of an oversimplified policy objective, the preservation of specific soil types, but one which is representative of the type of mitigation proposals often made to advance farmland and other terrestrial conservation goals. The S3, S4, and S5 scenarios suggest that a policy of trading off development of prime agricultural land immediately adjacent to urban areas in exchange for the achievement of significantly higher urban densities could prove valuable in this region.
Perhaps surprisingly, the evaluation of crop losses showed that the High-Value Soils protection scenario, a theme of common interest to many farm groups, was not as effective in protecting the agricultural economy as the Compact Growth (S3) scenario, a strategy typically endorsed by urbanfocused interests. The New Cities (S6) scenario has great potential for locating new growth away from areas with high resource values, whether agricultural or natural. This scenario could also reduce the need for residents to travel to other cities. While S6 did not include the increased urban density used by S3 to accommodate the new population growth, the S6 policy scenario would undoubtedly benefit from similar higher densities in terms of infrastructure costs and impacts on the agricultural economy. These densities might be more easily achievable because the new cities could be free of conflicts with existing residents. We did not attempt to quantify what the cost of building new cities might be. Similarly, the Great Cities (S7) scenario has the potential to reduce the impacts of development on agriculture and urban service provision while providing the region with amenities now only found in California's large coastal cities. Both scenarios 6 and 7 have similar advantages to S3, stemming from less farmland fragmentation and reduced space for conflict along the urbanrural interface. Applying the compact growth principles of S3 to both S6 and S7 could result in further benefits to the agricultural economy. The Status Quo (S1) and the similar East-West Highway Infrastructure Improvement (S2) scenarios produced roughly the same results and were costly compared to the other scenarios. The Status Quo is not the best scenario on which to pattern future land use policies, based on the measures reported here. All the other scenarios performed better by either retaining higher agricultural production or producing lower urban services costs.
Interestingly, the relationship of a scenario's agricultural impact and its impact on important habitat types and on habitat connectivity is a complex issue. The same urban growth scenarios were analyzed by Beardsley et al. (2009) and Huber et al. (2011) . Their results show clearly that habitat conservation or habitat connectivity protection and farmland revenue protection, while frequently convergent, are not always mutually supportive, particularly in cases where the habitat values are subject to being severed by urban growth along riparian corridors or relocation of urban growth to sensitive areas.
It is also important to note that agricultural land can produce a number of ecosystem services over and above the value associated with the crop production or habitat value. These may include flood mitigation, carbon sequestration, open space existence value, pollination services, and improvements in ground water quality (Allen & Vandever, 2003) . The true values of these ecosystem services to a region are difficult to calculate, as these are generally considered public goods and their value is rarely fully capitalized in land values, but can be estimated through bottom-up econometric analyses (Sandhu, Wratten, Cullen, & Case, 2008) and survey methods such as contingent valuation (Randall, 2007) . We also note that the benefits accrued from ecosystem services are dependent on the management regime.
The Governor's Partnership for the San Joaquin Valley recommended in its Strategic Action Proposal (California Partnership for the San Joaquin Valley, 2006) that future growth would require careful and coordinated regional planning to protect the SJV's environment for health, agricultural, and environmental purposes. UPlan proved to be a valuable visioning tool for this effort. It permitted a large group of local agencies to develop and modify scenarios rapidly enough to fulfill state planning mandates within a limited time. The model outputs were useful for ranking the scenarios by various criteria. The ability of the GIS models to permit comparison of impacts on agricultural lands, service costs, and other factors permitted a broad set of constituents to use the results in planning.
As in most GIS analyses, availability of data is a limiting factor. In a process such as this one, specific crop location data and revenue data both must be available, preferably for a very closely matched time frame, in order to accurately calculate agricultural costs and benefits. Overall, the GIS processes are straightforward; the greater challenge was in managing the output data and summarizing it using database tools. However, the GIS-based approach permitted an assessment of some of the costs associated with varying urban growth policies, something that, to our knowledge, has not been attempted in similar studies.
For others who may wish to replicate this analysis in other agricultural regions, several components are needed. First, some hypotheses about the patterns of future urban growth are needed in order to develop the parameters for UPlan. Second, the extent, variety, and location of crops are needed, preferably specific to each field and with suitable spatial accuracy to represent the loss of individual fields. One must also gather crop value data that matches the time frame of the crop locations. In this respect our process could be improved because we had crop location data from a range of years and crop revenue data from a single year. The crop revenue may be available from various types of government accounting offices, either as summaries of the value produced per crop per region or from tax records. The location and availability of these data are likely to be specific for each region considered, depending on the local governing structures. California, in particular, may have better data available due to crop reporting requirements. Barring those data acquisition steps, any footprint of land use conversion can be used in a GIS process as described here to calculate the revenue lost through conversion of agricultural land to other purposes by replicating the general steps of calculating the area of each crop converted in GIS and multiplying it by a revenue value per acre. We included a little additional complexity by addressing a multicounty region and allowing agricultural revenue for each crop to vary between counties. Further improvements to this method could be made with improved datasets, such as having field-specific revenue values for each crop.
Another consideration is the ease with which different crops can be relocated, either by displacing other, presumably lower-value crops or through the conversion of natural lands into agriculture. We did not attempt this projection because of the complexity involved in forecasting crop movements by multiple farmers under challenging agricultural conditions. Calculation of service costs is the third component of this modeling exercise. Services are provisions by local government, in this case by incorporated cities and towns. We made the assumption that further distances from existing infrastructure would be relatively more expensive. While this seems a fairly safe assumption, there may be more information available for other studies as to the costs of particular services that would permit actual rather than relative value projections.
As noted elsewhere in this text, there are limitations to the methods demonstrated here. This analysis includes only the lost agricultural revenue from land conversion and does not address potential long-term benefits to farmers or communities from the sale and conversion of land to other uses. However, we feel that quantification of the loss of agricultural land, crop production, and agricultural revenue is useful in its own right. The loss of farmgate revenue relates implicitly to the loss of farm jobs, though quantifying the job loss or number of agribusinesses that may be impacted would require more baseline data than was readily available. Such results illustrate the potential impacts to regional agricultural production, exports, food security, and local government costs that can be important for land use decision-making. These analyses may be particularly important for regions with both an economically important agricultural sector and rapid urban expansion.
This analysis is not intended to be all-encompassing. Neither funding nor impending deadlines for policy applications by SJV planners permitted us to extend the analysis to cover the larger range of potential effects. Rather than considering it a full analysis of all effects created through a change in land use policy, we present a technique to describe the scenarios' effects along two individual dimensions, sometimes called performance measures. These policies represented by the scenarios may have other effects that compensate for or detract from quality of life that we do not address. For example, depending on the agricultural practices, conversion of agricultural land to urban uses may decrease costs related to water and air quality, thereby reducing the net effect of protecting agricultural revenue. Similarly, the argument can be made that the land use policies represented will have effects on land values that could influence the net benefits realized by developers and land owners. Furthermore, these scenarios could have differential effects on the non-agricultural economy by affecting business and employee location choices and options for business practices. Given low average incomes and a large number of new people expected in the region, such spatial shifts in the location of jobs could potentially raise environmental justice issues. Additional analyses are possible, such as assessment of the environmental consequences of these scenarios, which were examined by Huber et al. (2011) and Beardsley et al. (2009) using different methods. Other techniques for evaluating location accessibility and travel behavior have been applied to similar scenarios (Niemeier et al., 2011) . Obviously the range of potential impacts goes far beyond the set presented in this article. Many or all of these would require further study based on local data and accepted methods before a scenario should be selected for implementation.
Without going into detail, the broader conclusions drawn through this article that higher density and contiguous urban growth is more beneficial to agricultural revenue and to urban service provision reinforce the existing literature on the benefits of compact growth, namely, that compact growth produces shorter travel distances to necessary services, easier access to destinations, lower costs for system maintenance, and development and a reduced environmental footprint. Further, compact development with a range of housing and employment options promotes the availability of locally affordable housing to the full range of the socioeconomic spectrum.
The method presented in this paper can be completed using relatively straightforward GIS and easily accessible data to calculate the agricultural revenue impacts. An American Farmland Trust (AFT) report (1995) similarly analyzed two land use scenarios in the SJV defined by differences in density, with similar conclusions to those we found. The AFT report conducted a more in-depth economic analysis based on the comparison of the two scenarios whose primary difference was in urban density. In general our spatially explicit results appear similar, although the dollar values are indexed to years a decade apart. The total off-thefield revenue loss presented by the AFT is approximately 15 percent of the annual farmgate revenue for the region in the low-density scenario. The high-density scenario analyzed forecasts suggests a 7 percent loss in annual revenue, compared to 2 percent in our model, but assumes a density of six dwelling units per acre compared to the nine assumed in our compact scenario.
To the best of our knowledge there have been no other studies that have taken a farmland revenue-based approach to evaluating the value of farmland lost to urbanization at a regional scale. The modeling required to evaluate the long-term revenue lost following the reestablishment of equilibrium is both complex and subject to many possible confounding factors, and as such was beyond the scope of this simple toolset. This round of modeling was an initial, regional planning phase that is to be followed by moredetailed GIS modeling by each county. In the second stage, the counties will run travel models in parallel with UPlan over time. This process will permit the examination of road congestion and investment costs. Land use priorities and plans will then be redrafted with the aid of better understanding of the likely consequences of land use decisions.
This study demonstrates the utility of quantitative comparisons of GIS-based model outputs for different development scenarios. Through this analysis, an environmentally benign option that also benefits the farm economy more than farm protection-specific policies was identified. The value of this exercise is that it laid the groundwork for a discussion of values and tradeoffs among competing ends. In November 2008, a Valley-wide advisory group (consisting of elected governing body members, appointed planning commissioners, planning directors, and major developers), voted to recommend a compact growth scenario based on a policy very similar to scenario 3 (Compact Growth) presented here.
